Carbon deposition in EUVL is known to occur when optical surfaces in a hydrocarbon environment are exposed to EUV light. Carbon contamination on EUV optical elements affects both the absorption and phase of the reflected light. Because the carbon deposition alters the phase structure of the reflected EUV light it effectively alters the figure of these optics and, thus, the aberrations as well. Absorption by deposited carbon not only reduces throughput but also leads to apodisation of the pupil, which in turn affects imaging performance.
Background
Extreme ultraviolet lithography (EUVL) is one of the leading next-generation lithography technology. EUVL incorporates the use of all-reflective optics, including reflective masks. The Sandia 10x microstepper is a small-field multilayer coated Schwarzschild lithographic camera used primarily for EUV resist testing experiments. Operating at 10x demagnification with a field of view of 400µm and a numerical aperture of 0.08NA at the wafer, the typical spatial resolution is of the order of 100nm at the wafer. An illustration of the system is shown in Figure 1 
System design (at wafer):
•NA=0.08
•400 µm diameter field •0.1 µm resolution
•±1 µm depth of focus 
X Camera
L a s e r M a s k P r o j e c t i o n O p t i c s C o n d e n s e r L P S W a f e r Primary Optic L a s e r M a s k P r o j e c t i o n O p t i c s C o n d e n s e r L P S W a f e r
Figure 2
Schematic illustration of the 10x camera and optics assembly.
Degradation in the performance of one of the 10x cameras was observed over time and attributed to the optical system, which was removed for analysis and realignment using the visible light interferometry. This visible light realignment and interferometric analysis indicated the presence of a 18-19nm bump in the centre of the optic which was not previously observed when the optic was first aligned. The system wavefront map as measured using visible light interferometry in November 2001 is shown below in Figure 3 : on the left is the measured system wavefront at both visible and EUV wavelengths after initial assembly, and on the right is the system wavefront measured in November 2001 using visble light.
Equivalent figure after assembly
(0-3nm P-V, 85nm RMS)
Equivalent figure after use
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Figure 3
System wavefront of the 10x camera, represented as equivalent optical figure on the primary mirror, as measured using visible light (533nm) interferometry after initial assembly (left) and in November 2001 after use in a comparatively hydrocarbon-rich environment (PHC≈ 10 -7 torr).
19nm is a significant amount of wavefront error and would be expected to cause a significant amount of degradation in the lithographic performance of the optic. However, the observed EUV printing performance of the camera strongly indicated that the EUV performance of the camera was not as bad as one would expect from a 19nm figure error on the optic. There was therefore a discrepancy between the measured system wavefront and the observed lithographic performance of this optic. The 10x camera had been used in a comparatively hydrocarbon rich environment, where the hydrocarbon partial pressure is of the order of 10 -7 torr, thus accelerated carbon deposition is to be expected. One possible explanation for the difference in visible light and EUV performance is therefore the presence of carbon deposition on the surface of the optics: carbon is more transparent to EUV than to visible light so the effect of this bump on the wavefront would be less in the EUV region than in the visible.
Reflected phase in the presence of carbon contamination
The effect of carbon on a multilayer mirror can be modelled as effectively at visible wavelengths as at EUV and x-ray wavelengths using standard multilayer calculation techniques. The electromagnetic equations are the same, as are key parameters characterising the multilayer such as bilayer period and number of layers. However, the values for the optical constants are quite different at the two different wavelengths.
To model the effects of carbon deposition on the multilayer optical performance we deposit a Gaussian-shaped bump of carbon with the optical constants listed above on a Mo/Si multilayer mirror and compute both the amplitude and phase of the reflected wave across the region of carbon deposition, as shown in Figure 4 . For simplicity a multilayer of 50 bi-layer periods with no interface roughness and a 4nm thick surface SiO2 oxide layer is assumed.
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Figure 4
Carbon mound on an EUV multilayer used for modelling the effect Table 1 Pertinent optical constant values at visible and EUV wavelengths.
By calculating the reflected phase as a function of carbon thickness ( )
at visible wavelengths (533nm) across the region of carbon deposition it is possible to deduce the carbon layer thickness ( ) x h required to produce the additional figure error measured in the optic. Fitting the reflected phase to the observed figure error we quickly find that a 29nm thick deposit of graphitic carbon produces a 38nm phase shift in the reflected light, equivalent to the observed 19nm figure error measured using 533nm visible light, Figure 5 . Performing the same calculation at EUV wavelengths, however, yields a figure error of only 1.3nm, a difference which is wholly attributable to the difference in optical constants between the two wavelengths: Figure 6 .
Figure 5
Calculated figure error (left) and reflectivity (right) at visible light wavelengths (533nm) caused by a 29nm thick Gaussian-shaped carbon layer deposited on the surface on an EUV multilayer.
Figure 6
Calculated figure error (left) and reflectivity (right) at EUV wavelengths (13.5nm) caused by the same 29nm thick Gaussian-shaped carbon layer depicted in Figure 5 .
Analysis of measured figure data
There is sufficient data in the above analysis to convert the measured visible light interferometry data to predictions about the figure and reflectance of the 10x optic at EUV wavelengths. For the sake of simplicity we attribute all of the observed difference in measured figure to the presence of carbon on the surface. The figure degradation mechanism is assumed to be due to carbon deposition, deposited in the form of bulk amorphous material. Applying this strategy to the measured figure data, and assuming that carbon deposition is the sole source of the observed figure error, we can convert the measured visible light figure data into a carbon thickness map, Figure 7 .
Carbon layer thickness calculated from measured figure error
Figure 7
Calculated carbon layer thickness based on measured visible light interferometry data.
Given this carbon thickness map we can directly compute the predicted EUV figure and reflectance, Figure 8 . Note that a wavefront error equivalent to a figure error of 1.3nm and a reflectivity drop of up to 22% at EUV wavelengths is associated with the deposition of a 29 nm thick carbon layer. Note also that the shape of the deposited carbon closely matches that of the 10x pupil fill.
Configured for small-field lithographic exposures, the 10x pupil fill is approximately Gaussian in shape, with a partial coherence of σ=0.4 in the horizontal direction and σ=0.6 in vertical direction. A comparison the calculated carbon and the pupil fill parameters reveal that the carbon distribution closely matches the illumination footprint on the primary mirror.
Equivalent figure error at 13.5nm
Expected reflectivity profile at 13.5nm
Figure 8
Expected figure (left) and reflectivity (right) at EUV wavelengths calculated from the carbon thickness map Figure 7 and the EUV figure data in Figure 7 .
The used optic was also inspected at EUV wavelengths at beamline 12.0 at the Advanced Light Source (ALS) in Berkeley. Although system interferometry was not performed in this case inspection of the pupil plane intensity distribution revealed a set of concentric rings that changed position as the wavelength was tuned, as shown in Figure 9 . This observation is consistent with interference thickness fringes formed by interference of reflections from the multilayer mirror surface and the top layer of a Gaussian surface deposit. This observation is once again consistent with the hypothesis of a deposition on the mirror surface in the shape of the pupil fill.
Effect on aerial image performance
To assess the effect of the observed carbon contamination on lithographic performance we performed aerial image simulations of the contaminated 10x system. These calculations were performed using a test pattern consisting of 100nm isolated and dense features as shown in Figure 10 , the known Gaussian shaped 10x pupil fill, and using the inferred absorption and phase data shown in Figure 8 for the contaminated 10x camera. The measured figure of the 10x optic after manufacture was also known and used to model imaging in the absence of the observed contamination. Using a simple threshold resist model at 40% the calculated 
Figure 11
Aerial images through focus for a clean (top) and contaminated (bottom) 10x optic. Threshold is set at 40%, aerial images were generated using the figure and absorption inferred from the carbon thickness map, Figure 8 , and the 10x pupil fill.
There are two main reasons why the aerial image performance is relatively insensitive to carbon deposition. Firstly, the EUV phase change associated with carbon deposition is relatively small compared to both the carbon layer thickness and figure measured at visible wavelengths: for the case examined here a 30nm thick carbon deposit was measured as a 19nm figure error using visible light, but caused only a 1.3nm figure error in the EUV. Secondly, carbon is absorbs EUV light, thus the throughput of the optic is reduced as a result of carbon deposition as expected. However the pupil is effectively apodised in the region of greatest figure error, further reducing the effect of the expected figure error on optical system performance.
CD Contrast Focus
Figure 12
Variation in measured CD (top left) aerial image contrast (top right) and defocus (bottom) with varying thickness of carbon deposition.
Conclusions
Inspection of the wavefront error of one of the Sandia 10x Schwarzschild objectives using both visiblelight and EUV inspection techniques after the optic had been used in a comparatively hydrocarbon rich environment, where the hydrocarbon partial pressure is of the order of 10 -7 torr, revealed a change in measured wavefront consistent with deposition of approximately 30 nm of carbon on the primary mirrorThis 30-nm thick carbon layer appears as a 19-nm change in measured system wavefront at visible wavelengths (λ=533 nm), however only a 1.3 nm figure error is observed in the EUV (λ=13.5 nm), the difference being attributable to the difference in optical constants at the two wavelengths. A reflectivity drop of up to 22% at EUV wavelengths is also associated with deposition of 29 nm of carbon, with the shape matching the shape of the pupil fill. The contamination reduces throughput and causes apodisation of the pupil. Configured for small-field lithographic exposures, the pupil fill was approximately Gaussian in shape, with a partial coherence of σ=0.4 in the horizontal direction and σ=0.6 in vertical direction, and the observed carbon distribution is observed to closely match the shape of the pupil fill. Significantly, the difference in predicted behaviour at visible and EUV wavelengths suggests that visible light inspection of a 'used' camera may be misleading, and that it may be advantageous to retain some form of EUV inspection and alignment capability for use with cameras that may have some form of non-uniform contamination or deposit on the surface.
Calculations of aerial image performance for this optic based on the observed carbon deposition, taking into account both the phase and absorption of the carbon deposit as well as the pupil fill, show that the effects of EUV-induced carbon deposition are similar to the effects of spherical aberration: a shift in focus and a loss of depth-of-focus are observed in the aerial image, accompanied by a small change in contrast. This is consistent with the observed changes in performance of this 10x camera over time, in particular a decrease in depth of focus and increase in line edge roughness (LER) observed in the printed resist image.
To summarise the key conclusions from this investigation:
1. The wavefront expected to be observed at visible (533nm) and EUV (13.5nm) wavelengths is significantly different in the presence of carbon contamination. For the case of this optic we observed a 19nm wavefront error measured at 533nm, consistent with 29nm carbon deposition, which in turn is consistent with a system wavefront error equivalent to 1.3nm of figure error on the primary optic at 13.5nm. 2. The combination of visible light and EUV interferometry helps separate contamination from changes in figure. This suggests that EUV interferometry may be a useful tool for inspecting 'used' cameras.
3. Aerial image modeling indicates that for this particular optic the effect of carbon on imaging for this optic is reminiscent of spherical aberration. There is a change in focus and some loss in depth of focus, but only a small effect on CD. Production cameras exposed to contamination may show degraded performance reminiscient of figure errors in addition to a loss of throughput due to absorption by the carbon deposit. 
